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Mani (myelin-associated neurite-outgrowth inhibitor) protein is implicated in both axonal guidance
and axonal regeneration after central nervous system (CNS) injury. Here, we applied a neurite out-
growth assay, coupled with a siRNA-driven investigation and immunocytochemistry, to unveil
Mani’s axonal outgrowth inhibitory effect in embryonic rat cortical primary neurons in vitro. We
further demonstrate Mani’s neuronal localization in comparison with a principal subunit, Cdc27,
of the anaphase promoting complex (APC). Considering the protein structure of Mani obtained via
a series of bio-computational studies, we propose a Cdc27-Mani-APC-related signalling pathway
may be involved in CNS axon regeneration.
Structured summary of protein interactions:
MANI physically interacts with DAZAP2 by two hybrid (View interaction)
MANI physically interacts with FAM168A by two hybrid (View interaction)
MANI physically interacts with YPEL2 by two hybrid (View interaction)
MANI physically interacts with TMTC1 by two hybrid (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Neuronal regeneration and axon re-growth in the injured mam-
malian central nervous system (CNS) remains an unresolved ﬁeld.
The lack of neuronal regeneration generally results in partial dis-
ability or complete paralysis after a CNS injury. However, some
adult CNS axons, which are not able to regenerate under normal
circumstances, are shown to restore axon growth under a permis-
sive environment provided by a peripheral nerve graft [1]. Hence,
the ability of CNS axonal regeneration seems largely dependent
on the environment and postulates that the CNS environment is
inhibitory for axon growth [2]. The two known major classes of
inhibitors which limit CNS regeneration are the myelin-associated
inhibitors (MAIs) and the chondroitin sulfate proteoglycans (CSPs).
To date, several MAIs (produced by the oligodendrocytes),
including Nogo [3,4], myelin-associated glycoprotein (MAG) [5]
and oligodendrocyte-myelin glycoprotein (OMgp), are found to
limit axon growth in the CNS through the direct interaction with
the neuronal Nogo-66 receptor (NgR), a glycosylphosphatidylinos-
itol (GPI)-linked protein lacking intracellular domains [6–9]. Addi-
tional transmembrane co-receptors, which may aid inhibitory
signal transduction, most likely exist. The neuronal transmem-chemical Societies. Published by E
nces, Nanyang Technological
apore. Fax: +65 6791 3856.brane co-receptors uncovered so far include the nerve growth fac-
tor (Ngf) receptor (Ngfr, otherwise known as Lngfr, Tnfrsf16, p75,
or p75NTR), Troy (or Taj, Tnfrsf19), which are members of the tu-
mor necrosis factor receptor (Tnfr) family, and Lingo1. P75 was
found to interact with NgR by forming a receptor complex [8,10]
and p75-mutant mice displayed drastically decreased responses
to Nogo, MAG and OMgp [8,11]. However, most mature neurons
do not express p75 [12]. On the other hand, Troy is widely ex-
pressed in the adult CNS [13]. Troy forms a receptor complex with
NgR and mediates the inhibitory activity of MAIs, affecting axonal
regeneration [14,15]. The function of p75 and Troy seems inter-
changeable. Lingo1 has been reported to be necessary for p75
and NgR interaction [16]. Hence, a p75 or Troy/NgR/Lingo1 com-
plex is required for the interaction with oligodendroglial MAIs
[14,15]. Unfortunately, genetic deletion of NgR is not enough to
stop myelin inhibition or promote neuron regeneration, pointing
towards NgR-independent pathways in myelin inhibition of axon
regeneration [17].
Aside from this, cumulative results from a number of studies
point to the possibility of alternative pathways and components,
which may also play a role in myelin-induced inhibition of axon
regeneration [18].
Hence, in another perspective of ﬁnding new plausible
pathways that may control neuroplasticity via MAIs, we recently
studied the novel CNS-speciﬁc neuronal protein Mani (Myelin-
associated neurite-outgrowth inhibitor) in PC12 cells, a welllsevier B.V. All rights reserved.
Fig. 1. Neurite outgrowth assay of primary rat E18 cortical neurons. Overexpression of Mani inhibits neurite outgrowth while its knock-down by Mani-speciﬁc siRNA
enhances neurite outgrowth of rat cortical neurons cultured in a serum-free DMEM/F12 medium supplemented with B27. Cortical neurons were co-transfected with GFP
expressed from the same Mani or Mani-siRNA vector. (A) Left panel: ICC-staining of GFP (green) and Tuj1 (red) on lentivirus-GFP-Mani or lentivirus-GFP-ctrl transduced
neurons after 7 days. Scale bar: 50 lm. The neurons were photographed using a confocal laser-scanning microscope. Right panel: Mani overexpression results in the
inhibition of neurite outgrowth. Quantiﬁcation of the neurite length of lentivirus-GFP-Mani or lentivirus-GFP-ctrl transduced neurons after 7 days as shown in the left panel.
Relative neurite outgrowth is shown where the control is set as 100%, n = 688, experiments were performed three times. (B) Left panel: ICC-staining of GFP (green) and Tuj1
(red) on lentivirus-GFP-Mani-siRNA1–2 or lentivirus-GFP-siRNA-ctrl transduced neurons after 7 days. Scale bar: 50 lm. The neurons were photographed using a confocal
laser-scanning microscope. Right panel: Mani-siRNA abolishes the inhibitory effect of Mani on neurite outgrowth. Quantiﬁcation of the neurite length on lentivirus-GFP-
Mani-siRNA1–2 or lentivirus-GFP-control-siRNA transduced neurons after 7 days as shown in the left panel. Relative neurite outgrowth is shown where the control is set as
100%, n = 1604, experiments were performed three times. ⁄P < 0.05.
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growth, and reported a potential Cdc27-Mani-APC (anaphase pro-
moting complex) pathway that may play a pivotal role in inhibiting
axonal regeneration upon CNS injury [19]. The APC has been impli-
cated in regulating neuronal connectivity and dendrite morpho-
genesis. The ubiquitin ligase action of Cdh1-APC has been shown
to control axonal growth and patterning, and its localization to
the nucleus is deemed important for carrying out this function
[20]. Another key APC ubiquitin ligase subtype, the Cdc20-APC,
which operates mainly from the centrosome, has also been re-
vealed to manipulate dendritic morphogenesis and presynaptic
differentiation [21,22]. Moreover, a Cdc20-Hdac6 (histone deace-
tylase 6)-APC ubiquitin signalling pathway was identiﬁed, which
may play important roles for neuronal connectivity and plasticity.
In postmitotic neurons Hdac6 promotes the poly-ubiquitination of
Cdc20, stimulates the activity of centrosomal Cdc20–APC, and
drives the morphological differentiation of dendrites in the CNS
[21]. Besides, Cdc20-APC triggers the degradation of the transcrip-
tion factor NeuroD2 and thereby promotes presynaptic differenti-
ation [22]. Usually, Cdh1–APC is active during late mitotic and
G1 phase of the cell cycle, whereas Cdc20-APC drives the anaphase
in the early stage of mitosis [23–26]. Both Cdh1–APC and Cdc20–
APC appear to control distinct temporal phases of axon differenti-
ation in postmitotic neurons in the CNS thus demonstrating their
speciﬁc regulation of different phases of neuronal maturation:Cdh1–APC seems to predominate the early phase of axon develop-
ment to control axon growth and patterning, while Cdc20–APC acts
at a later stage of axon development to promote presynaptic axo-
nal morphogenesis [27].
In thepresent study,weusedprimary rat embryonic cortical neu-
rons to visualize if a Cdc27–Mani–APCprotein complexdoes operate
axon growth by conducting a neurite outgrowth assay and explored
the possible signal transduction mechanisms involved.2. Materials and methods
2.1. Reagents
Unless indicated, all reagents used for biochemical methods
were purchased from Sigma–Aldrich (St. Louis, MO, USA).2.2. Antibodies
Anti-rat-neuronal-class III b tubulin (also known as Tuj1 or
Tubb3) antibody (mouse monoclonal, 1:1000; Covance Japan Co.
Ltd, Osaka, Japan), anti-GFP (recombinant rabbit monoclonal,
1:1000; Invitrogen, Carlsbad, CA, USA), anti-Cdc27 (mouse mono-
clonal, 1:500; BD Biosciences, Clontech, Palo Alto, CA, USA) and
anti-Mani (1:5000, rabbit polyclonal [19]).
Fig. 2. ICC of RA-mediated differentiated neuronal B104 cells for the localization of Mani and Cdc27. Cells were stained with nuclear DAPI (blue), Mani-(green) and Cdc27-
(red) speciﬁc antibodies; Mani is strongly stained at the (peri-) nuclear area and weakly in other areas of the cells such as the cell membrane. The neurons were photographed
using a live imaging microscope (Axiovert 200); scale bar: 50 lm.
Fig. 3. STRING-9.0 analysis (Homo sapiens, default mode) of MANI-modulated proteins involved in the control of neurite outgrowth. Different colored lines represent the
types of evidence for the association. Red lines represent direct physical interactions of MANI-interacting proteins found by us or others as described in the text. Network
display: predicted functional links consist of multiple lines: one color for each type of evidence.
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Experimental procedures, including the killing of animals, were
in accordance with the International Guiding Principles for Animal
Research (WHO) and the EU directive 2010/63/EU for animal exper-
iments and were approved by the local Institutional Animal Care &Use Committee (Osaka-University/NTU-IACUC). Wistar Kyoto rats
(250 g) were fed a normal chow (Funabashi SP, Japan) and water
ad libitum was given freely. Room temperature (RT) was kept at
21 ± 2 C, with 60% humidity, and a 12 h light/dark cycle. All off-
spring were weaned onto standard chow at 21 days of age. Primary
rat brain-derived neurons were isolated on embryonic stage 18
Fig. 4. STRING-9.0 analysis (Homo sapiens, at http://string-db.org/; default mode) of MANI-modulated proteins in neurons displaying the wider functional role of MANI in
neuronal cell signalling events. Different colored lines represent the types of evidence for the association. Red lines represent direct physical interactions of MANI-interacting
proteins found by us or others as described in the text. Network display: Nodes are either colored (if they are directly linked to the input) or white (nodes of a higher
iteration). Edges, i.e. predicted functional links, consist of multiple lines: one color for each type of evidence.
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thetic methods [28]. All efforts were made to minimize animal suf-
fering and to reduce the number of animals used [19,29].2.4. Cell culture
Neuronal B104 cells (American Type Culture Collection (ATCC),
Manassas, VA, USA) were maintained and differentiated as de-
scribed previously (Supplementary Data) [30]. Brain-derived pri-
mary cortical neurons were obtained from Wistar rat pups on
E18. Dissected cortices were dissociated by trypsinization (treat-
ment with 0.25% trypsin in phosphate buffer saline (PBS, Invitro-
gen) for 15 min at 37 C), followed by re-suspension in Dulbecco’s
Modiﬁed Eagle Medium (DMEM/F12 media; Invitrogen) containing
10% FBS (fetal bovine serum). Subsequently, the cells were tritu-
rated, washed three times and plated on poly-L-lysine (PLL)–coated
dishes in a serum-free DMEM/F12medium supplementedwith B27
(Invitrogen) and maintained at 37 C in 5% CO2 [28].2.5. Immunocytochemistry (ICC)
Neuronal B104 cells were analyzed by ICC as described previ-
ously (Supplementary Data) [19,29,31–34].
2.6. Generation of a Mani-containing lentivirus stock solutions
HEK293FT cells (Invitrogen) were used to produce the lentivirus
solutions as described previously (Supplementary data) [19,29].2.7. Generation of Mani-overexpressing neurons
Brain-derived primary cortical neurons were obtained from
Wistar rat pups on E18 as stated above and were infected as
described previously (Supplementary data) [28]. For controls
(mock-transfection), a GFP-lentivirus vector (lentivirus-GFP-ctrl)
was used [19,29].
2.8. Generation of Mani knock-down neurons using small interfering
RNA (siRNA)
Rat brain-derived primary cortical neurons were transduced
with Mani-speciﬁc siRNA using a lentivirus expression system as
described above for Mani over-expression. Two different constructs
(pSIH1-H1-shRNA-copGFP vector, Mani mRNA target sequences: (i)
50-GCAGTTTCTCTGCTATCTA-30 (position 1597 of Gene accession
number NM_001009993), (ii) 50-CCTGGTCAGTGAGTGTCTT-30
(position 3981 of Gene accession number NM_001009993); System
Biosciences, Mountain View, CA, USA) were used. As control, mock
(empty/random siRNA GFP vector)-transfected neurons were used.
Speciﬁc silencing of the target Mani gene in the obtained cells was
conﬁrmed by western blot using a Mani-speciﬁc antibody (data not
shown) [19].
2.9. Neurite outgrowth assay
For each transduction, about 1  105 pfu of lentivirus (lentivirus-
GFP-Mani, or lentivirus-GFP-control, or lentivirus-GFP-Mani-siRNA-
1, or lentivirus-GFP-Mani-siRNA-2, or lentivirus-GFP-control-siRNA)
3022 M. Mishra et al. / FEBS Letters 586 (2012) 3018–3023were added to rat cortical primary neuron cultures plated on PLL–
coated dishes. One day after transduction, lentiviralmediumwas re-
placedbya serum-freeDMEM/F12mediumsupplementedwithB27.
Sevendaysafter lentiviral transductionneuronswereﬁxed in4%(wt/
vol) paraformaldehyde and immunostained with monoclonal anti-
bodies recognizing Tuj1 and GFP (1:1000; Invitrogen), respectively.
All neurons were visualized by ﬂuorescence microscopy (Olympus
BX51,DP71andOlympusFluoViewFV1000) andwerephotographed
using a confocal laser-scanning microscope (Olympus FluoView
FV1000). The images were processed with ImageJ (National Insti-
tutes of Health, Bethesda, MD). The length of the longest neurite for
each Tuj1–positive and GFP-positive neuron was then determined.
Experiments were performed at least three times [28].
2.10. ProQuest™ two-hybrid-system with Gateway™ technology
The two-hybrid system analysis was performed as described
previously (Supplementary data) [19,35].
2.11. Statistical analysis
All data represent the mean ± standard deviation (SD). Student’s
t test was used for comparison of the over expression experiments.
ANOVA and Tukey–Kramer as post hoc test was used for compar-
isons of siRNAs experiments. P < 0.05 was considered signiﬁcant.3. Results
3.1. Mani inhibits neurite outgrowth in primary rat cortical neurons
Brain-derived primary E18 cortical neurons were cultured and
transfected with Mani-speciﬁc siRNA to demonstrate the effect of
Mani on axonal outgrowth. As shown in Fig. 1, Mani-knocked-
down neurons display signiﬁcantly longer neurites, thus conﬁrm-
ing the inhibitory effect of Mani on axonal morphogenesis.
3.2. Mani localizes at the peri-nuclear area and the cell membrane
ICC of differentiated neuronal B104 cells further unraveled that
the N-glycosylated Mani (e.g. aa46 in p20Mani) localizes at peri-
nuclear areas in a similar way as described previously for ﬁbroblast
growth factor receptor 1 (FGFR1) (Fig. 1D in Zong et al., 2009)
[19,36,37]. Besides, Mani displayed in the nucleus and at the cell
membrane (Fig. 2).
3.3. Signalling network analysis of Mani-regulated proteins
Previously, we found that human MANI interacts with
CDC27, PRDX6, RBM6 and FAM168B [19]. In the current study
we used the yeast-2-hybrid system to identify additional inter-
acting proteins such as: FAM168A, DAZAP2, YPEL2 and TMTC1.
Besides, it has been described that MANI has the potential to
bind to PARP2 [38]. Accordingly, we performed a bio-computa-
tional STRING (Search Tool for the Retrieval of Interacting
Genes) analysis that provided us an essential systems-level
understanding [39] of both physical and functional interactions
in MANI-expressing cells. For our current study it revealed the
functional link among MANI and other pivotal proteins involved
in governing neurite outgrowth such as CDC42, RHOA and
ROCK1 (Fig. 3).
3.4. Mani protein structure homology to Hdac4
A structure entity query (parameters set by default) at
www.pdb.org and www.uniprot.org revealed that the Mani se-quence maps to structure IDs of (i) Hdac4: 2VQM, 2VQQ, 2VQO,
2VQV, 2VQW and 2VQJ; and of (ii) Rhodopsin: 2ZIY, 2Z73, 3AYM
and 3AYN. This further emphasizes Mani’s potential action as a
neuronal plasma-membrane-associated receptor protein as well
as a Hdac4-like protein in a potential Cdc27-Mani-APC ubiquitin
signaling pathway in post-mitotic neurons (Fig. 3) [27].4. Discussion
The lack of neuronal regeneration generally results in debilitat-
ing clinical conditions after a CNS injury and has a pernicious im-
pact on the present social and health care systems. However,
neurogenesis and neuro-synaptic plasticity in the injured mamma-
lian CNS has proven to be an enigma despite numerous accom-
plishments in the neuro-scientiﬁc ﬁeld. We present here a novel
CNS-speciﬁc neuronal protein, Mani, which was previously re-
ported to modulate neurogenesis and neurite-cone growth. Mani
is an N-glycosylated transmembrane protein which is speciﬁcally
detected at neuron-associated myelin sheets. It was shown that
Mani interferes with axonal elongation via the inhibition of
Ngf-induced neurite outgrowth [19]. In the current study we dem-
onstrate for the ﬁrst time that Mani-speciﬁc siRNA application en-
hanced neurite outgrowth in primary rat cortical neurons.
Mani was also found to co-localize and interact with Cdc27, a
conserved subunit of the APC, via a yeast two-hybrid screen and
co-immunoprecipitation [19]. Here, we performed a Mani and
Cdc27 co-ICC analysis of differentiated neuronal B104 cells conﬁrm-
ing their partial co-localization and further revealing that neuronal
Mani localizes predominantely at the peri-nuclear area and the cell
membrane. Cdc27 is one of the thirteen core subunits of the APC, a
ubiquitin ligase (E3) [40]. APC’s activity is primarily regulated by
either of the two loosely associated co-activating subunits, Cdc20
or Cdh1 [41,42]. Cdc27 has been implicated in facilitating the bind-
ing of activating subunit Cdh1 to APC and the role of Cdh1 has been
reported in axon outgrowth in terminally differentiated neurons
[43,44], thereby perking our interest that neuronal Mani may act
through an APC-related pathway to inﬂuence neuromorphogenesis.
Investigations of the protein sequence and structure of Mani
showed partial homology to that of Hdac4’s, postulating a similar
role of Mani like class II Hdacs, of which Hdac4 is a member. Hdacs
are enzymes that remove acetyl groups from a lysine amino acid
and are known to play crucial roles in awide range of biological pro-
cesses, especially via their inﬂuenceongene transcription [45]. Class
II Hdacs share homology with the yeast Hda1 protein and contain
both nuclear import and export sequences, allowing them to shuttle
between the nucleus and the cytosol [46,47]. This coincideswith the
cellular localization of Mani in the peri-nuclear area, in the nucleus
and weakly in the cytosol. Hdac4 has a large N-terminal extension
with conserved binding sites for the transcription factor myocyte
enhancer factor 2 (MEF2) and the chaperone protein 14-3-3 [48].
Another class II Hdac, Hdac6, has been implicated to play important
roles for neuronal connectivity and plasticity in the Cdc20-Hdac6-
APCubiquitin signaling pathway in postmitotic neurons [21]. Unlike
Hdac4, Hdac6 has two deacetylase domains and a C-terminal zinc
ﬁnger [48]. Previous bioinformatic analyses showed that Mani has
a potential two-helices transmembranemodelwith a large loop that
protrudes into the extracellular space and short intracellular cyto-
plasmic C- and N-terminal regions that contain a Met-1 acetylation
site and various Ser/Thr (serine/threonine) phosphorylation sites,
respectively [19]. This implies that Mani most likely share similar
functional roles to these two class II Hdacs.
In this context it is of interest to note that Mani was also found
as a potential Eri-6/7-related and Piwi-domain containing protein
[49–51]. The Piwi protein performs a crucial role in RNA silencing.
The mechanism in Piwi is believed to be similar to that in
M. Mishra et al. / FEBS Letters 586 (2012) 3018–3023 3023Argonaute, the central component of the RNA-induced silencing
complex (RISC).
Given the results presented here and our previous work on
Mani [19], in view with the Cdc20-Hdac6-APC signalling pathway
[21], and that APC regulates both axonal growth and patterning,
we propose a Cdc27-Mani-APC complex-linked pathway, which
may play a crucial role in axonal regeneration and neuro-synaptic
plasticity in the CNS and may therefore offer a possible therapeutic
pathway target in clinical conditions characterized by a failure of
CNS regeneration (Fig. 4).
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